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PREPARATION OF COPPER-INDIUM 
GALLIUM-DISELENIDE PRECURSOR 
FILMS BY ELECTRODEPOSITION FOR 

FABRICATING HIGH EFFICIENCY SOLAR 
CELLS 

RELATED APPLICATIONS 

This application claims the bene?t of provisional appli 
cations Ser. Nos. 60/044,506 ?led Apr. 21, 1997 and 60/004, 
269 ?led Sep. 25, 1995, and is a cip application of Ser. No. 
08/571,150 ?led Dec. 12, 1995, now US. Pat. No. 5,730, 
852. 

The government has rights in this invention pursuant to 
National ReneWable Energy Laboratory (NREL) contract 
No. 1326. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The ?eld of the present invention relates to the prepara 
tion of thin ?lm semiconductor devices. More particularly, 
the present invention relates to electrodeposition of copper 
indium-gallium-diselenide ?lms for solar cells. 

2. Description of the Related Art 
Chalcopyrite ternary thin ?lms of copper-indium 

diselenide (CuInSe2) and copper-indium-gallium-diselenide 
(CuIn1_xGaxSe2), both of Which are generically referred to 
as Cu(In,Ga)Se2, CIGS, or simply CIS, have become the 
subject of considerable interest and study for semiconductor 
devices in recent years. Sulphur can also be, and sometimes 
is, substituted for selenium, so the compound is sometimes 
also referred to even more generically as Cu(In,Ga)(Se,S)2 
so as to encompass all of these possible combinations. These 
devices are also referred to as I—III—VI2 devices according to 
their constituent elemental groups. 

These devices are of particular interest for photovoltaic 
device or solar cell absorber applications. For photovoltaic 
applications, the p-type CIGS layer is combined With an 
n-type CdS layer to form a p-n heterojunction CdS/CIGS 
device. The direct energy gap of CIGS results in a large 
optical absorption coef?cient, Which in turn permits the use 
of thin layers on the order of 1—2 pm. An additional 
advantage of CIGS devices is their long-term stability. 

Various methods have been reported for fabricating CIGS 
thin ?lms. Some of the earliest techniques involved heating 
copper and indium on a substrate in the presence of a 
selenium-containing gas, including H2Se. The heating of 
copper and indium ?lms in the presence of a selenium 
containing gas is knoWn as seleniZation. One draWback to 
seleniZing With H2Se is that H2Se gas is highly toxic, thus 
presenting serious haZards to humans in large scale produc 
tion environments. 

In US. Pat. No. 5,045,409, Eberspacher et al. disclose 
depositing copper and indium ?lms by magnetron 
sputtering, and depositing a selenium ?lm by thermal 
evaporation, folloWed by heating in the presence of various 
gases. Other methods for producing CIS ?lms have included 
Molecular Beam Epitaxy, electrodeposition either in single 
or multiple steps, and vapor deposition of single crystal and 
polycrystalline ?lms. 

Although vapor deposition techniques have been used to 
yield solar cells With ef?ciencies as high as seventeen 
percent (17%), vapor deposition is costly. Accordingly, solar 
cells made by vapor deposition have generally been limited 
to devices for laboratory experimentation, and are not suit 
able for large scale production. On the other hand, thin ?lm 
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2 
solar cells made by electrodeposition techniques are gener 
ally much less expensive. HoWever, solar cells produced by 
electrodeposition generally suffer from loW ef?ciencies. For 
example, in Solar Cells with Improved E?iciency Based on 
Electrodeposited Copper Indium Diselenide Thin Films, 
ADVANCED MATERIALS, Vol. 6 No. 5 (1994), Guillem 
oles et al. report solar cells prepared by electrodeposition 
With ef?ciencies on the order of 5.6%. 

SUMMARY OF THE INVENTION 

Accordingly, it is a general object of this invention to 
provide an improved process for fabricating high quality 
thin ?lm Cu(In,Ga)Se2 solar cells. 

It is also an object of this invention to provide loW cost, 
high quality thin ?lm solar cells having high conversion 
ef?ciencies. 

It is a further object of this invention to provide a process 
for producing Cu—In, Cu—Se, Cu—In—Se, and Cu—In— 
Ga—Se thin ?lms that have applications in solar and non 
solar cells. 

It is a still further object of this invention to provide a 
process for electrodepositing a gallium-containing thin-?lm 
solar cell precursor. 

To achieve the foregoing and other objects and advan 
tages in accordance With the purpose of the present 
invention, as embodied and broadly described herein, the 
process of this invention includes electrodepositing a layer 
of CuxInyGa2Sen(x=0—2, y=0—2, Z=0—2, n=0—3), preferably 
using direct current in combination With high frequency 
alternating current. Electrodeposition baths containing 
0.1—0.2 molar (M) copper ions, 0.05—0.15M indium ions 
obtained from indium chloride, 0.05—0.15M gallium ions 
obtained from gallium chloride, 0.01—0.03M selenium ions, 
and at least 0.3M lithium chloride Were found to produce 
simultaneous co-electrodeposition of copper, indium, 
selenium, and appreciable amounts of gallium With a good 
morphology, When an electrodeposition potential having a 
high frequency alternating current superimposed upon a DC 
current Was applied. FolloWing simultaneous 
co-electrodeposition, additional material Was vapor depos 
ited to adjust the ?nal composition of the deposited ?lm very 
close to stoichiometric Cu(In1_xGax)Se2. 

This unique tWo-step ?lm deposition process alloWs pre 
cursor metal ?lms to be deposited by inexpensive 
electrodeposition, and then adjusted using the more expen 
sive but more precise technique of physical vapor deposition 
(PVD) to bring the ?nal ?lm into the desired stoichiometric 
range. Solar cells may then be completed as for example by 
chemical bath deposition (CBD) of CdS folloWed by sput 
tering of ZnO, and addition of bi-layer metal contacts as Well 
as optional anti-re?ective coating. 
A solar cell made according to the process disclosed 

herein achieved a device conversion ef?ciency of 13.6%. 
This represents a signi?cant improvement over the 9.4% 
conversion ef?ciency device disclosed in US. patent appli 
cation Ser. No. 08/571,150, ?led Dec. 12, 1995 now US. 
Pat. No. 5,730,882, of Which this application is a 
continuation-in-part. 
The present invention also includes electrodeposition 

solutions and process parameters Whereby gallium may be 
co-electrodeposited in appreciable amounts along With 
copper, indium, and selenium, While still obtaining a densely 
packed, uniform morphology ?lm suitable for processing 
into a photovoltaic cell. This co-electrodeposition of gallium 
further decreases the amount of stoichiometry adjustment 
that must be made by the later PVD step. 
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Additional objects, advantages, and novel features of the 
present invention Will be set forth in part in the description 
that follows, and in part Will become apparent to those 
skilled in the art upon examination of the folloWing descrip 
tion and draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross sectional vieW of a CIGS photovoltaic 
device prepared according to the present invention. 

FIG. 2 is a cross sectional vieW of the conducting Zinc 
oxide layer 28 shoWn in FIG. 1. 

FIG. 3 is a scanning electron miscroscope photograph of 
the electrodeposited precursor ?lm of Example 1 of the 
present invention. 

FIG. 4 is a graph of the Auger electron spectroscopy 
analysis for the cell of Example 1. 

FIG. 5 is a graph of the Auger electron spectroscopy 
analysis for the cell of Example 2. 

FIG. 6 is a graph of the Auger electron spectroscopy 
analysis for the cell of Example 3. 

FIG. 7 is the x-ray analysis results for the electrodeposited 
?lm, and the ?nished ?lms of Examples 1—3. 

FIG. 8 is a graph of the relative quantum ef?ciency verses 
Wavelength for the cells of Examples 1—3. 

FIG. 9 is a graph shoWing the Current versus Voltage 
characteristics of the cells of Examples 1—3. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention includes an essentially tWo-step 
process for fabricating high quality, loW cost thin ?lm CIGS 
semiconductor devices that exhibit photovoltaic character 
istics and are especially adaptable for solar cell applications. 
In the ?rst step, a precursor ?lm of CuxInyGa2Sen(x=0—2, 
y=0—2, Z=0—2, n=0—3) is electrodeposited on a substrate 
such as glass coated With molybdenum. This ?rst step may 
include a unique process and electrodeposition bath for 
electrodepositing gallium concurrently With other elements, 
as Well as the unique use of an alternating current in 
conjunction With a direct current. 

The second step is physical vapor deposition of copper, 
indium, gallium, and/or selenium. In this second step the 
composition of the overall ?lm is carefully controlled so that 
the resulting thin ?lm is very close to stoichiometric Cu(In1_ 
xGax)Se2. Both of these steps may be performed on sub 
strates having large surface areas. Accordingly, the process 
of the present invention alloWs large area, high ef?ciency 
solar cells to be economically produced. 

Referring noW to FIG. 1, CdS/CIGS photovoltaic device 
10 includes a substrate 12 Which may be, for example, 
soda-lime silica glass or amorphous 7059 glass. Substrate 12 
further includes a back contact layer 14 of molybdenum, 
about 1—2 pm thick. The molybdenum may be deposited 
using DC sputtering from a rotating cylindrical magnetron 
target (CMAG). To improve adhesion betWeen the Mo layer 
14 and the precursor ?lm to be deposited, an additional 
adhesion layer 16 of copper may also be deposited as by 
electrodeposition. After Mo layer 14 and optional copper 
adhesion layer 16 have been deposited, the substrate should 
be degreased as for example With propanol and dried in 
?oWing nitrogen gas. 
A metallic precursor ?lm 18 is then deposited by elec 

trodeposition. The precursor ?lm contains one or more of the 
elements copper, indium, gallium, and selenium. Elec 
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4 
trodeposition is generally a less expensive method of depos 
iting these metals than vapor deposition. HoWever, it is not 
possible to control the ratios of metals deposited during 
electrodeposition as precisely as desired. Consequently, 
prior CIS layers deposited entirely by electrodeposition 
produced loW conversion ef?ciencies. In the present 
invention, the electrodeposition step is integrated With the 
vapor deposition step that folloWs. This alloWs precursor 
metal to be deposited in bulk using an economical elec 
trodeposition step, folloWed by a vapor deposition step to 
carefully control the ?nal metal ratios. This results in 
economical production yet high ef?ciencies of the resulting 
cell. The composition of metal precursor ?lm 18 is generally 
denoted as CuXInyGaZSen (x=0—2, y=0—2, Z=0—2, n=0—3). 
The metal precursor ?lm 18 should be deposited to about 
1—3 pm thick, With thickness being controlled by coulom 
etric measurements. 

It has been found that electrodepositing the ?lms using an 
AC voltage in addition to a DC voltage produces improved 
results. An AC voltage improves the morphology of the ?lm. 
It is also believed that the AC voltage improves nucleation 
(groWth) of the thin ?lm by alloWing additional nucleation 
centers to be created. For an entirely aqueous plating 
solution, the applicable DC voltage range is approximately 
1—5 VDC, With a preferred voltage of approximately 3 VDC. 
Improved results may be obtained by superimposing an AC 
voltage of 0.2—5.0 VAC at 1—100 KhZ, With preferred values 
of approximately 3.5 VAC at 10—30 KHZ. The plating 
solution is adjusted to have a pH of approximately 1.0 to 4.0, 
and more preferably to about 1.4 to 2.4. The plating solution 
should preferably be at about 10° C. to 80° C., and more 
preferably at about 24° C. Adding a supporting electrolyte to 
the plating bath can additionally increase the conductivity of 
the plating solution, alloWing for a further increase in the 
electrodeposition rate. Salts such as NaCl, LiCl, or Na2SO4 
have been found to be suitable supporting electrolytes for 
use With certain embodiments of the present invention. 

In completely aqueous solutions, electrolysis of Water 
molecules begins to occur to an undesirable extent at voltage 
levels that are too high. The resulting O2“ and OH' ions 
combine With deposition metal ions or deposited metal to 
form unWanted metal oxides and hydroxides on the precur 
sor ?lm 18. To overcome this disadvantage, the Water in the 
plating solution may be either partially or completely 
replaced by one or more organic solvents such as dimethyl 
sulfoxide (DMSO). Increasing the organic solvent content of 
the electrodeposition solution alloWs the cathodic potential 
to be increased Without unacceptable increases in metal 
oxide and hydroxide formation rates. The increased cathodic 
potential increases the deposition rate of the precursor ?lms. 
An additional advantage is that increasing the cathodic 
potential increases the deposition rate of gallium relative to 
the deposition rates of other deposited metals. Therefore, 
using a solution containing one or more organic solvents 
alloWs the cathodic potential to be selected from a Wider 
range so as to achieve a more desired stoichiometry of the 
as-deposited precursor ?lm 18. When an organic solvent is 
used, the preferred cathodic potential is approximately 3—10 
VDC and 0.2—5 .0 VAC at approximately 1—100 KHZ. Value 
of approximately 5 VDC and 0.45 VAC at approximately 
18.1 KHZ Were found to yield good results. 
As the number of elements to be simultaneously elec 

trodeposited increases, the dif?culties increase. Obtaining 
simultaneous electrodeposition of four elements in pre 
de?ned ratios With good morphology, for example, can be an 
extremely dif?cult task. The parameters that must be simul 
taneously adjusted include but are not limited to: total 
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solution molarity, relative molarities of constituents, from 
Which compounds to obtain the desired constituent 
elements, pH, temperature, voltage, Waveform 
characteristics, and electrolytic ?uid. Because of the com 
plexities involved in simultaneous co-electrodeposition, it is 
believed that gallium had never before been successfully 
co-electrodeposited along With copper, indium, and sele 
nium to produce a photovoltaic device. The present inven 
tion includes solutions and process parameters Whereby 
gallium may be co-electrodeposited in appreciable amounts 
along With the other three constituent elements of CIGS. 

If desired, a second electroplating solution may be 
employed to adjust the stoichiometry of the electrodeposited 
?lm prior to the vapor deposition phase. For example, a ?rst 
electrodeposition step may produce a CIGS precursor ?lm 
With less gallium than optimally desired. Although the 
gallium content can be increased during the vapor deposition 
phase, it may be less expensive to deposit a certain amount 
of gallium using a second electrodeposition solution to make 
a coarse stoichiometric adjustment prior to proceeding to 
?ne stoichiometric adjustment at the vapor deposition step. 
Another potential motivation for using a second elec 
trodeposition solution is to achieve a composition gradient 
in the deposited ?lm, as suggested by U.S. Pat. No. 4,335, 
266 issued to Michelsen et al. Which is hereby incorporated 
by reference for its teachings of composition-graded CIGS 
thin ?lms for solar cell and other applications. Yet another 
Way of achieving composition grading during electrodepo 
sition is to vary process parameters such as cathodic 
potential, ionic concentrations, pH, or temperature, as elec 
trodeposition proceeds. 

Several examples of electrodeposited precursor ?lms fab 
ricated according to the present invention are given. These 
examples include Cu—In—Ga—Se, In—Se, Cu—Se, and 
Cu—In—Se, precursor ?lms. The solution for co-depositing 
all four elements includes ions of each of the elements of 
copper, indium, gallium, and selenium. The metal ions may 
be supplied in the form of dissolved metal salts. For pre 
cursor ?lms that do not contain gallium, gallium should be 
added to raise the energy gap. 

In the discussion and claims that folloW, electrodeposition 
potential is expressed in terms of a voltage Without speci 
fying positive or negative voltage. 

It is to be understood that the substrate or Working 
electrode on Which the thin ?lm is to be deposited is to be 
connected as the electrodeposition cathode, With the counter 
electrode being connected as the anode. Accordingly, the 
electrodeposition voltages discussed herein are to be under 
stood as negative voltages. In accordance With this 
convention, Where electrodeposition voltages are expressed 
as, e.g., “at least 1.0 volt”, this indicates that an electrodepo 
sition voltage that is at least as negative as —1.0 volt With 
respect to the counter electrode is to be applied to the 
substrate. Discussing the electrodeposition voltages as 
unsigned voltages is to be understood as merely a shorthand 
Way of referring to the absolute potential difference betWeen 
the electrodes. 

After the precursor ?lm 18 has been electrodeposited it 
should be cleaned. A suitable method is to rinse precursor 
?lm 18 With deioniZed Water and dry it in ?oWing nitrogen 
gas. After precursor ?lm 18 has been cleaned, an additional 
layer 20 of copper, indium, gallium, and/or selenium, is 
deposited by physical vapor deposition to adjust the ?nal 
?lm composition to the ratios of approximately Cu=1—1.2: 
(In, Ga)=1—1.2: Se=2—2.5, and most preferably to approxi 
mately 1:1:2. That is, the ?nal ?lm composition is adjusted 
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6 
to approximately Cu1(In,Ga)1Se2, Which is to say Cu1(In1_ 
xGax)Se2 Where x is Within the range of 0 to 1, inclusive. By 
controlling the ratio of In/Ga the energy gap betWeen the 
CdS and the CIGS layers can be adjusted to the optimal or 
nearly optimal value. An energy gap of approximately 1.45 
eV is considered optimal for terrestrial solar energy 
conversion, and is achieved by an In/Ga ratio of approxi 
mately 3:1. For cells prepared according to the method 
disclosed herein, a Ga/(In+Ga) atomic ratio of 0.34—0.50 is 
preferred, With a ratio of 0.39 producing the highest 
observed ef?ciency. The substrate (precursor ?lm) tempera 
ture should be 300° C. to 600° C. during PVD, and prefer 
ably about 550° C. 

After PVD, the ?lms should then be annealed. Annealing 
improves the homogeneity and quality of the ?lms. A high 
quality CIGS ?lm is one that does not exhibit an excessive 
amount of copper nodules, voids, or vacancies in the ?lm 
Which Would reduce conversion ef?ciencies. Annealing the 
?lms at 250° C. to 500° C. in a vacuum, folloWed by sloW 
cooling at a rate of approximately 3° C./min to avoid thermal 
shock Was found to yield good results. Because selenium has 
a much higher vapor pressure than either copper, indium, or 
gallium, selenium may be lost from the ?lm during the high 
temperature steps of vapor deposition and annealing. To 
compensate, the atmosphere during these steps may contain 
a moderate overpressure of selenium. In the preferred 
embodiment, the ?lm is seleniZed at a rate of 5—100 A/s 
during cool-doWn from PVD temperature to annealing tem 
perature. 

Once the CIGS layers 18 and 20 collectively are deposited 
and annealed, a thin layer 22 of n-type semiconductor 
comprising cadmium sul?de is deposited next. CdS layer 22 
is preferably deposited by chemical bath deposition (CBD) 
to a thickness of approximately 200—1000 The CBD bath 
may be prepared from 0.08 gm CdSO4, 2.5 gm thiourea, and 
27.5 gm NH4OH dissolved in 200 ml Water. The deposition 
temperature should be approximately 40°—80° C. 
A layer 28 of conducting Wide bandgap n-type semicon 

ductor materials is deposited next. In the preferred 
embodiment, layer 28 comprises tWo Zinc oxide layers 24 
and 26 as shoWn in FIG. 2. First Zinc oxide layer 24 is 
deposited With RF sputtering at approximately 0.62 Watts/ 
cm2 in an argon plasma at 10 millitorrs pressure. Second 
Zinc oxide layer 26, comprising approximately 1—5% A1203 
doped Zinc oxide, is also prepared using RF sputtering at 
approximately 1.45 Watts/cm2 in an argon plasma at 10 
millitorrs pressure. In an exemplary embodiment the resis 
tivity of the ?rst layer Was 50—200 ohm/cm2, and resistivity 
of the second layer Was 15—20 ohm/cm2. The transmissivity 
of the overall ZnO layer Was 80—85%. 

Bi-layer metal contacts 30 may then be prepared With an 
e-beam system or other techniques. In an exemplar 
embodiment a ?rst metal contact layer Was 500—1000 A 
thick Ni and the second metal contact layer Was 1—3 pm 
thick Al. Metal contacts 30 Will generally be laid out in ?ne 
grid lines across the collecting surface of the device and 
connected to a suitable current collecting electrode (not 
shoWn). The ef?ciency of the resulting device can be further 
increased by adding an antire?ection coating 32, such as a 
600—1000 A layer of MgF2 by electron beam. A device 
prepared according to Example 3 beloW exhibited a conver 
sion efficiency of 13.6%. 

EXAMPLE 1 

A thin ?lm containing copper, indium, gallium, and 
selenium Was deposited onto a glass substrate coated With 
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approximately 500 A Mo, and processed into a photovoltaic 
cell. The thin ?lm Was obtained by preparing a solution 
containing ions of copper, indium, and selenium, and further 
including ions of gallium in a concentration of at least 0.05 
molar, and at least 0.3 molar LiCl. More particularly, the 
electrodeposition bath comprised 2.1286 gm Cu(NO3) 
2~H2O, 7.9625 gm InCl3, 1.3929 gm H2SeO3, and 9.2063 gm 
Ga(No3)3, and 14.08 gm LiCl dissolved in 450 ml of Water. 
The resulting bath comprised approximately 0.014M copper, 
0.08M indium, 0.08M gallium, and 0.023M selenium ions. 
The pH Was adjusted to 1—2. Deposition proceeded at 24° C. 

The substrate Was employed as the Working electrode, and 
platinum gauZe Was used as the counter electrode in a tWo 
electrode system. The electrodeposition voltage comprised a 
DC component of at least 0.5 volt. More particularly, the 
electrodeposition voltage comprised a DC voltage of at least 
1.0 volt and an AC voltage of at least 0.5 V at a frequency 
of at least 1.0 KHZ superimposed thereon. Still more 
particularly, the electrodeposition voltage comprised a DC 
component of 3.0 volts, and an AC component of 3.5 volts 
pulsed at 20 KHZ superimposed thereon. The voltage Was 
supplied by a poWer source obtained from Team Specialty 
Products Corporation of Albuquerque, NM. The AC com 
ponent is nominally a square Wave. HoWever, due to the 
complex impedances of the poWer supply and the remainder 
of the electrodeposition equipment operating at 20 KHZ, it 
Will be understood that the voltage as measured at the 
substrate Will not be a perfect square Wave. Thus, the applied 
voltage is more properly described using the broader term of 
AC “pulsed” rather than the narroW term of a “square Wave”. 
This convention Will be maintained throughout this disclo 
sure and appended claims. The resulting as-deposited pre 
cursor layer had a composition of Cu1_OOIn0_34GaO_O2SeO_91. 
FIG. 3 is a scanning electron miscroscope photograph of the 
as-deposited ?lm. The photograph shoWs the ?lm to be tight, 
densely packed, and uniform. 

After electrodeposition, additional In, Cu, Ga, and/or Se 
Were added to the ?lm by physical evaporation to adjust the 
?nal composition to CuIn1_xGaxSe2, With the ratio of Ga/ 
(In+Ga) being 0.16. The ?lms Were alloWed to crystalliZe at 
550° C. for ?ve minutes. The substrate (precursor ?lm) 
temperature during the physical evaporation step Was also 
550° C. The ?lm Was then seleniZed by exposure to selenium 
vapor during the cool-doWn time, With cooling at approxi 
mately 200 C. per minute. 

FIG. 7 is the X-ray analysis results for the electrodepos 
ited ?lm, and the ?nished ?lms of Examples 1—3. The X-ray 
analysis of the as-deposited precursor ?lm indicates the 
presence of both the CIGS phase and the CuZSe phase. The 
X-ray analysis of the ?lm after ?nal ?lm composition 
adjustment shoWs only the CIGS phase. The shifts in 2-theta 
values are due to different Ga concentrations in the absorber 
layers. 

Photovoltaic devices were completed by chemical bath 
deposition of approximately 500 A CdS folloWed by radio 
frequency sputtering of 500 A intrinsic ZnO and 3500 A of 
Al2O3-doped ZnO. Bilayer Ni/Al top contacts Were depos 
ited using an e-beam system. An anti-re?ection coating of 
100 nm of MgF2 Was applied as the ?nal step. 

The device Was evaluated at AM1.5 illumination (1000 
W/m2, 25° C., ASTM E892 global). The device Was also 
characteriZed by Auger electron spectroscopy FIG. 4 
is the AES analysis results for the ?nished photovoltaic cell 
shoWing the atomic distribution of the ?lm at varying depths 
Within the ?lm. FIG. 8 shoWs the relative quantum ef?ciency 
of the cell as a function of Wavelength. FIG. 9 shoWs the 
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8 
Current versus Voltage characteristics of the ?nished cell. 
The cell exhibited an overall ef?ciency of 12.4%. Other 
performance parameters for this cell are listed in Table 1 
beloW. 

EXAMPLE 2 

A cell Was prepared according to Example 1, but the PVD 
step Was conducted to adjust the ?nal Ga/(In+Ga) ratio to 
0.26 rather than 0.16. The device ef?ciency improved from 
12.4% to 13.2%. The AES analysis is shoWn in FIG. 5. The 
relative quantum ef?ciency is shoWn in FIG. 8. The Current 
vs. Voltage performance is shoWn in FIG. 9. 

EXAMPLE 3 

A cell Was prepared according to Example 1, but the PVD 
step Was conducted to adjust the ?nal Ga/(In+Ga) ratio to 
0.39. The overall device ef?ciency improved to 13.6%. The 
AES analysis is shoWn in FIG. 6. The relative quantum 
ef?ciency is shoWn in FIG. 8. The Current vs. Voltage 
performance is shoWn in FIG. 9. Performance parameters for 
the cells of Examples 1—3 are given in Table 1 beloW. 

TABLE 1 

Fill 
Ga Area VOC JSC Factor Total-Area 

Example (In + Ga) (cmz) (mV) (mA/cmz) (‘70) Efficiency 

1 0.16 0.413 521 34.9 68.2 12.4 
2 0.26 0.420 602 31.7 69.4 13.2 
3 0.39 0.419 689 27.6 71.6 13.6 

Performance Parameters for Photovoltaic Cells of 
Examples 1—3 

EXAMPLE 4 

A bath containing approximately 0.016M Cu(NO3) 
2-H2O3, 0.08M InCl3, 0.08M H2SeO3, and 0.024M Ga(No3) 
3(relative ratios of approximately 1, 5, 5, and 1.5, 
respectively) Was prepared at a pH of 1.6. Electrodeposition 
proceeded at at least 2.0 volts DC and at least 2.0 volts AC 
at a frequency of at least 10 KHZ superimposed thereon. 
More particularly, electrodeposition proceeded at 3.0 VDC 
With a pulsed AC voltage of 3.5 volts at a frequency of 20 
KHZ superimposed thereon. ICP compositional analysis 
revealed the folloWing ?lm compositions before and after 
the precursor ?lm Was ?nished: 

After PVD adjustment: Cul_oolnl_O4GaO_18Se2_22 
Note that the as-deposited ?lm contains the highest gallium 
content of any of the examples presented herein. 
A photovoltaic device Was completed as before, With the 

?nal Ga/(In+Ga) ratio adjusted to approximately 0.3. The 
?nal ef?ciency of the device Was 12.3%. 

EXAMPLE 5 

An electrodeposition bath Was prepared by dissolving 
1.9956 gm Cu(NO3)2~H2O, 9.9531 gmInCl3, 1.7411 gm 
H2SeO3, and 12.0832 gm Ga(No3)3, and 15 gm LiCl in 450 
ml of Water (0.18M copper ions, 0.10 indium ions, 0.105M 
gallium ions, and 0.29M selenium ions). Electrodeposition 
proceeded at a voltage of 3.00 VDC and 3.53 VAC super 
imposed thereon. The composition of the as-deposited pre 
cursor layer, expressed as 1016 atoms/cm2, Was 
Cu1_OOIn0_46GaO_O1Se1_16. The precursor layer Was completed 
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by PVD. The ?nished device exhibited a conversion ef? 
ciency of 12.3%. 

EXAMPLE 6 

Ametallic precursor ?lm of InHseH Was electrodepos 
ited on glass substrates coated With a M0 or Mo/Cu layer 
approximately 500 A thick. The precursor ?lm Was depos 
ited using an electroplating solution containing 2.25 gm 
InCl3 and 0.41 gm H2SeO3 dissolved in 200 ml of Water. The 
pH of the solution Was adjusted betWeen 1.4 and 2.4 using 
dilute HCl (10% by volume). The ?lms Were deposited by 
applying a 2—5 V direct current voltage in combination With 
an alternating current voltage of 0.45 V at 18.1 KHZ 
frequency. The ?lms Were 1—3 pm thick and adhered to the 
substrate. 

EXAMPLE 7 

A metallic precursor ?lm of cuHseH Was electrode 
posited on a substrate using an electroplating solution con 
taining 6.21 gm Cu(NO3)2~6H2O and 1.16 gm H2SeO3 
dissolved in 300 ml Water. The pH Was adjusted betWeen 1.4 
and 2.4 using dilute HCl (10% by volume). The ?lms Were 
deposited by applying a 2—5 V direct current voltage in 
combination With an alternating current voltage of 0.45 V at 
18.1 KHZ frequency. As deposited layers Were 1—3 pm thick 
and adhered to the substrate. 

EXAMPLE 8 

A metallic precursor ?lm of Culizlnlizseli3 Was elec 
trodeposited on a substrate using an electroplating solution 
containing 4.47 gm CuCl2, 5.67 gm InCl3 and 3.39 gm 
H2SeSO3 dissolved in 1050 ml Water. The pH Was adjusted 
betWeen 1.4 and 2.4 using dilute HCl (10% by volume). The 
?lms Were deposited by applying a 2—5 V direct current 
voltage in combination With an alternating current voltage of 
0.45 V at 18.1 KHZ frequency. As deposited layers Were 1—3 
pm thick and adhered to the substrate. The electrodeposited 
?lm Was slightly indium poor. Indium Was then added by 
vapor deposition to adjust the ?nal content to approximately 
CuInSe2. CdS and ZnO Were then added to complete the 
solar cell. The resulting solar cell Was exposed to ASTM 
E892-87 Global (1000 Wm“ ) standard irradiance spectrum 
at 25° C. Performance parameters for the ?nished solar cell, 
having an area of 0.4285 cm2, Were measured as: 

v0C = 0413:; v vPmax = 0.3121 v 
ISC = 15.40 mA rpmax = 12.96 mA 

JSC = 35.94 mA cm72 Pmax = 4.045 mW 
Fill Factor = 63.47% E?iciency = 9.44% 

The device contained only Cu—In—Se, Without any 
gallium. The device exhibited an efficiency of 8.76% With 
out antire?ective coating, and 9.44% after an antire?ective 
coating Was added. 

EXAMPLE 9 

A precursor ?lm of CulizlnlizGaomilseli3 Was elec 
trodeposited using a solution containing 1.12 gm Cu(NO3)2 
~6H2O, 12.0 gm InCl3, 4.60 gm Ga(NO3)3~xH2O and 1.80 
gm H2SeO3 dissolved in 450 ml of Water. This is equivalent 
to approximately 2.49 gm/l Cu(NO3)2-6H2O, 26.7 gm/l 
InCl3, 10.2 gm/l Ga(NO3)3~xH2O and 4.0 gm/l H2SeO3, and 
approximately 0.0084, 0.12, 0.28, and 0.31 molar of copper, 
indium, gallium, and selenium ions, respectively. The pH 
Was adjusted betWeen 1.4 and 2.4 using dilute HCl (10% by 
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10 
volume). The ?lms Were deposited by applying a 2—5 V 
direct current voltage in combination With an alternating 
current voltage of 0.45 V at 18.1 KHZ frequency. As 
deposited layers Were 1—3 pm thick and adhered to the 
substrate. 

EXAMPLE 10 

A precursor ?lm of CulizlnlizGaomilseli3 Was elec 
trodeposited using a solution containing 1.496 gm Cu(NO3) 
~5H2O, 14.929 gm InCl3, 1.523 gm H2SeO3, and 7.192 gm 
Ga(NO3)3 dissolved in 450 ml of DMSO. The ?lms Were 
deposited at 25° C. and also at 50° C. at an applied voltage 
of 5 VDC. 

EXAMPLE 11 

A precursor ?lm of CulizlnlizGaomilseli3 Was elec 
trodeposited using a solution containing 1.496 gm Cu(NO3) 
5H2O, 14.929 gm InCl3, 1.523 gm H2SeO3, and 7.192 gm 
Ga(NO3)3 dissolved in a mixture of 400 ml DMSO and 50 
ml Water. The ?lms Were deposited at 25° C. and also at 50° 
C. at an applied voltage of 5 VDC. 

EXAMPLE 12 

A precursor ?lm of CulizlnlizGaomklseli3 Was elec 
trodeposited using a solution containing 1.496 gm Cu(NO3) 
~5H2O, 14.929 gm InCl3, 1.523 gm H2SeO3, 7.192 gm 
Ga(NO3)3, and 10 gm Na2SO4, and 20 gm LiCl dissolved in 
a mixture of 400 ml DMSO and 50 ml Water. The ?lms Were 
deposited at 25° C. and also at 50° C. at an applied voltage 
of 5 VDC. 

The present invention as described above may be incor 
porated in a variety of applications, as for example the 
conversion of solar energy to electric energy for baseline 
poWer generation. Other applications include appliances 
such as solar-poWered calculators, battery charges such as 
those used With freeWay emergency call boxes, photoelectric 
eyes, night security light activators, light meters for photo 
graphic and other purposes, and the like. 

Although the present invention has thus been described in 
detail With regard to the preferred embodiments and draW 
ings and examples thereof, it should be apparent to those 
skilled in the art that various adaptations and modi?cations 
of the present invention may be accomplished Without 
departing from the spirit and the scope of the invention. 
Accordingly, it is to be understood that the detailed descrip 
tion and the accompanying draWings as set forth herein 
above are not intended to limit the breadth of the present 
invention, Which should be inferred only from the folloWing 
claims and their appropriately construed legal equivalents. 
What is claimed is: 
1. A process for preparing a copper-indium-gallium 

diselenide ?lm, the process comprising the steps of: 
providing a substrate; 
providing an electrodeposition bath containing ions of 

copper, indium, and selenium, the bath further contain 
ing ions of gallium in a concentration of at least 0.05 
molar; 

inserting said substrate into said electrodeposition bath; 
forming a semiconductor layer by simultaneously elec 
trodepositing a ?lm comprising copper, indium, sele 
nium and gallium from said electrodeposition bath onto 
said substrate, the electrodeposition proceeding at an 
applied electrodeposition voltage of at least 0.5 volt; 
and 

depositing by physical vapor deposition additional mate 
rial selected from the group consisting of copper, 
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indium, gallium, and selenium, onto said semiconduc 
tor layer to achieve a ?nal stoichiometry for said 
semiconductor layer and said additional material, 
combined, of approximately Cu1(In1ixGax)Se2 Where X 
is Within the range of 0 to 1, inclusive. 

2. The process of claim 1 Wherein X is greater than 
approximately 0.34. 

3. The process of claim 1 Wherein said gallium ions are 
obtained from gallium nitrate. 

4. The process of claim 3 Wherein said electrodeposition 
bath further comprises at least 0.3 molar lithium chloride. 

5. The process of claim 1 Wherein: 

said indium ions are obtained from indium chloride. 
6. The process of claim 1 Wherein: 

said electrodeposition voltage comprises a DC voltage of 
at least 1.0 volt and an AC voltage of at least 0.5 V at 
a frequency of at least 1.0 KHZ superimposed thereon. 

7. The process of claim 6 Wherein: 

said AC voltage consists of a pulsed voltage. 
8. The process of claim 7 Wherein said AC voltage 

frequency is at least 10 KHZ. 
9. The process of claim 8 Wherein said DC voltage is at 

least 2 volts, and said AC voltage is at least 2 volts. 
10. Aprocess for preparing a photovoltaic device gallium 

containing precursor ?lm, the process comprising the steps 
of: 

providing a substrate; 
providing an electrodeposition bath containing ionic 

copper, indium, and selenium, and gallium in the 
approximate relative ratios of 1, 5, 1.5, and 5, respec 
tively; 

inserting said substrate into said electrodeposition bath; 
and 

forming a thin ?lm layer by simultaneously electrodepos 
iting copper, indium, selenium and gallium from said 
electrodeposition bath onto said substrate. 

11. The process of claim 10 further comprising the step of: 
depositing by physical vapor deposition additional mate 

rial selected from the group consisting of copper, 
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12 
indium, gallium, and selenium, onto said thin ?lm layer 
to achieve a ?nal stoichiometry for said thin ?lm layer 
and said additional material, combined, of approxi 
mately Cu1(In1ixGax)Se2 Where x is Within the range of 
0 to 1, inclusive. 

12. The process of claim 10 Wherein: 
said electrodeposition proceeds at an electrodeposition 

potential comprising a DC component of at least 0.5 
volt. 

13. The process of claim 12 Wherein: 
said electrodeposition potential further comprises an AC 

component of at least 1.0 volt at a frequency of at least 
1 KHZ. 

14. The process of claim 12 Wherein said electrodeposi 
tion potential further includes an AC component of at least 
0.5 volt. 

15. Aprocess for preparing a photovoltaic device gallium 
containing precursor ?lm, the process comprising the steps 
of: 

providing a substrate; 
providing an electrodeposition bath comprising approxi 

mately 0.01—0.02M copper ions, 0.05—0.15M indium 
ions, 0.05—0.15M gallium ions, and 0.01—0.03M sele 
nium ions 

inserting said substrate into said electrodeposition bath; 
forming a metal-containing ?lm by simultaneously elec 

trodepositing at least three elements from said elec 
trodeposition bath onto said substrate; and 

depositing by physical vapor deposition additional mate 
rial selected from the group consisting of copper, 
indium, gallium, and selenium, onto said metal 
containing ?lm to achieve a ?nal stoichiometry for said 
metal-containing ?lm and said additional material, 
combined, of approximately Cu1(In1_xGax)Se2 
Wherein x is Within the range of approximately 0.34 to 
0.50. 

16. The process of claim 15 Wherein said electrodeposi 
tion bath further comprises at least 0.3M lithium chloride. 

* * * * * 


